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Abstract
We report herewith an inexpensive flexible dual target electrochemical sensor
for simultaneous detection of pH and cortisol in human sweat. The sensor
was fabricated by printing layer by layer (LbL) on a conductive microneedle
polydimethylsiloxane (PDMS) flexible substrate. The dual sensor integrates
two detection chambers comprising polyaniline (PANi) and cortisol imprinted
poly (glycidylmethacrylate-co ethylene glycol dimethacrylate) (poly (GMA-co-
EGDMA)). The dual wearable sensor rapidly (< 1 min) responded linearly to
pH in the range of 3–9, while the cortisol sensor chamber had a linear range
of 0–100 ng/mL. The cortisol sensing region had an excellent limit of detection
(LOD) of 1.4 ± 0.3 ng/mL, with intra-batch reproducibility of 2.4% relative
standard deviation (%RSD). The inter-batch precision (%RSD for three different
sensors) was determined to be 4.7%. Demonstrating excellent stability and
reusability, a single patch of cortisol sensor was used for 15 times over a 30-day
period, with minimal change in response. The dual analyte wearable sensors
were effective for detection of pH and cortisol in real human sweat.
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1 INTRODUCTION

Wearable sensor analytics platforms, also referred to as
e-skins, are revolutionary and rapidly growing in real-
time monitoring and diagnostics in key demand areas
such as precision agriculture, precision medicine, health
awareness, and personalized therapy.[1,2] Compared to
traditional chemical analysis techniques, wearable sensors
have the superiority of low cost, user-friendliness, porta-
bility, and point of care real-time monitoring. With sig-
nificant growth in the accompanying software embedded
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analytics, wearable sensors can provide individuals with
the real-time data necessary for proactive decision-making
on their health and wellness.[1] The conventional disease
diagnosis approach requires monitoring biochemical
metabolites present in biological fluids such as blood and
urine, which are invasive and not ideal for real-time anal-
ysis. Sweat is a desirable alternative biofluid for real-time
monitoring. Similar to the kidney and lungs, sweat glands
act as the excretory organ for drugs and metabolites.[3]
Sweat contains multiple chemical biomarkers that alter
its pH. Based on pH partition theory, human sweat is
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more acidic than blood with a pH range from 4.5 to
7.0[4,5] due to factors such as drug accumulation and the
presence of metabolic by-products such as urea, lactate,
and bicarbonate.[3,6,7] Patients with cystic fibrosis have
alkaline sweat (up to pH 9) due to ineffective bicarbonate-
reabsorption. As such, the pH level in sweat is a key physi-
ological indicator that can provide diagnostic information
about skin diseases and associated skin microbiome, mon-
itor wound healing processes, and muscle stress levels.[8]
In addition, the sweat pH value is a sports performance
indicator for intensity and dehydration levels.[5]
Sweat also contains specific metabolites such as cortisol,

which can reveal important information about the men-
tal health and wellbeing of an individual. The presence of
cortisol in human sweat can be an indicator of vital physi-
ological processes such as energy metabolism, electrolytic
balance, and blood pressure, all of which influence cogni-
tive processes such asworkingmemory, sleep patterns, and
mood.[9] Thus, cortisol can be a useful biomarker for diag-
nosing physiological conditions related to anxiety, depres-
sion, and mental health.[10] Simultaneous detection of pH
and cortisol in real-time canhelpmonitor the physiological
status of the human body. With the growth of the mental
health pandemic, wearable cortisol sensors that monitor
the real-time fluctuations of human emotions and inher-
ent triggers could improve the general public’s health and
wellness outcomes, especially in vulnerable groups such
as individuals with autism and social disorders. Addition-
ally, the use of real-time cortisol sensing devices, especially
among young learners with autism, could be essential in
understanding the triggers that impair their learning.[11–16]
While most e-skin sensors are developed to rest on the

skin surface, a microneedle-based e-skin platform may
be preferred as it would allow for the effective monitor-
ing of metabolites in the interstitial fluids rather than
just sweat. The emerging medical analysis of interstitial
fluid is desirable as it is more diagnostically relevant than
sweat. Interstitial fluid containsmany of the samemetabo-
lites as blood, while sampling remains less invasive.[17–20]
However, development of flexible microneedle wearable
electronics remains a nascent field.[21] Microneedles, typi-
cally less than 1000 µm in length, painlessly penetrate the
membranous stratum corneum and increase the touch-
ing surface area for better sweat and interstitial fluid
collection.[22]
In this article, we demonstrate a flexible microneedle

dual responsive sensor comprising a polyaniline (PANi)
pH responsive and a cortisol molecularly imprinted poly-
mer (MIP) biomimetic receptor chambers, printed side by
side. The PANi layer pH-responsive chamber addresses
the limitations of the conventional glass pH electrode,
which is impractical for fashioning into wearable devices.
Due to its pH-dependent emeraldine salt-emeraline base

transition, the PANi offers outstanding pH sensing prop-
erties in aqueous media.[23,24] Furthermore, the cortisol
MIP based on poly(glycidylmethacryate-co ethylene glycol
dimethacrylate)(poly(GMA-co-EGDMA)) has been veri-
fied to have high affinity and fast-response to cortisol.[9,14]
The MIP technique is a more versatile approach to make
cortisol biomimetic receptors compared to the traditional
antibody/or enzyme-linked immunosorbent assays, which
tend to be laborious, expensive, and environmentally
unstable.[25–27]
The reported dual pH and cortisol wearable sensor is

based on a layer-by-layer (LbL) printing of the sensor’s
polymer biomimetic recognition element, namely PANi
and cortisol imprinted poly (GMA-co-EGDMA) on a
conductive microneedle polydimethylsiloxane (PDMS)
substrate. The dual sensor is 1.5 × 3.0 cm in size and ∼1–
2mm thickness, with screen printed counter and reference
electrodes integrated onto the sensor platform. Based on
the materials used for fabrication, the pH and cortisol
sensors are labeled PDMS@CNC/CNT/PDMS@PANi and
PDMS@CNC/CNT/PDMS@PANi@MIP, respectively.

2 EXPERIMENTAL SECTION

2.1 Materials and methods

The carboxylic acid functionalized multi-walled CNTs
(OD: 4–6 nm. 98% pure) was purchased from Times-
Nano, China. Potassium ferricyanide (K3[Fe(CN)6]), 3-
glycidyloxypropyl) trimethoxysilane (GOPS), ammonium
peroxydisulfate (APS), toluene, 4,4′-azobis(4-cyanovaleric
acid) (ACVA), naphthalene, hydrocortisone, glycidyl-
methacrylate (GMA), ethylene glycol dimethacrylate
(EGDMA), and cyclohexanol were procured from Sigma–
Aldrich, Ontario, Canada. Aniline was bought from
Fisher Scientific, USA. Cellulose nanocrystals (CNC) were
donated by Alberta Innovates. The Dow and Corning’s
Sylgard 184, polydimethylsiloxane (PDMS) was purchased
from Dow Corning Corporation, Midland, Michigan,
United States. The Ecoflex 00–30 part A and part B
was bought from Smooth-on Incorporation, Edmonton,
Alberta, Canada. All other reagents were of analytical
reagent grade. All aqueous solutions were prepared
using > 18 MWMilli-Q deionized (DI) water.

2.2 Fabrication of the flexible
microneedle sensor patch

To fabricate the microneedle PDMS patch, 15 g of beeswax
was melted on a hot plate (75◦C) in a glass container
(10.0 × 15.0 × 6.5 cm) and allowed to solidify through
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cooling to room temperature. A female microneedle tem-
plate was printed on the beeswax mold by stamping with
a microneedle roller (M.T. brand, model MT2.5, needle
dimension 0.25 mm). A 20 g PDMS prepolymer mix-
ture comprising: 45% Sylgard 184 PDMS silicone base,
5% silicone curing agent, 25% EcoFlex 00–30 Part A, and
25% EcoFlex 00–30 Part B, was poured into the female
microneedle wax mold and cured at room temperature
for a week. The male microneedle PDMS patch was then
removed from the beeswax mold, resulting in PDMS
microneedles with a length of ∼250 µm. The micronee-
dle PDMS patches were cut into 1 × 1.5 cm segments, with
110 microneedles per patch. The microneedle PDMS patch
was then evenly coated by spreading a thin layer of 0.15 g
of conductive PDMS@CNC/CNT gel (composition delin-
eated vide infra) using a glass rod, followed by overnight
curing at 80◦C. The conductive PDMS@CNC/CNT gel
printed on the microneedle PDMS patch was prepared by
mixing 0.2 gmultiwalledCNTs, 0.2 gCNC, 7mLof toluene,
800 µL of 1000 ppm naphthalene dissolved in acetonitrile,
1.9 g Sylgard 184 PDMS base, and 0.2 g silicone curing
agent. To ensure complete homogeneity of the suspension,
CNT and CNC was first suspended in toluene and naph-
thalene and sonicated for 1 h. Subsequently, 1.9 g of Sylgard
184 PDMS silicone base was added to the homogeneous
CNT/CNT suspension and sonicated for 1 h. The suspen-
sion was stirred using a stir plate at 50◦C for 24 h to evap-
orate all toluene. Finally, 0.2 g of Sylgard 184 PDMS curing
agent was added to the suspension and thoroughly mixed
with a glass stirring rod, resulting in a highly viscous and
homogeneous conductive gel.

2.3 Integration of the pH-responsive
PANi layer to the microneedle
PDMS@CNC/CNT patch

To integrate the pH responsive layer to the micronee-
dle PDMS@CNC/CNT patch, a PANi layer was employed.
The PANi prepolymer mixture comprised 0.2 M aniline,
1 mg/ml CNT, 4 mg/mL CNC, and 1 M H2SO4. The mix-
ture was prepared by first adding 12 mg CNC to 2.3 mL
DI water and stirring overnight, followed by adding 3 mg
CNT and sonicating themixture for 6 h to create a homoge-
nous suspension. Subsequently, 0.6 mL of 5 M H2SO4
and 54 µL of aniline were added to the homogeneous
CNC/CNT suspension. A 10 µL PANi prepolymer mixture
aliquot with 5 µL of 1.5 M APS initiator was evenly spread
on the microneedle PDMS@CNC/CNT patch and left to
polymerize on an ice bath for 1 h. Following polymeriza-
tion, the pH responsive PDMS@CNC/CNT/PDMS@PANi
was left overnight in a dehydrator at room temperature to
dry.

2.4 Fabrication of microneedle
PDMS@CNC/CNT/PDMS@PANi@MIP
cortisol sensor patch

The cortisol imprinted layer was printed on the micronee-
dle PDMS@CNC/CNT/PDMS@PANi patch by adapting
the prepolymer system reported byMugo et al.[9] The corti-
sol imprinted prepolymermixture comprised 400 µL cyclo-
hexanol, 26 µL GMA, 80 µL EGDMA, 2.0 mg ACVA, and
1.5 M cortisol dissolved in a 1:1 (v/v) mixture of water and
acetonitrile. A 30 µL aliquot of the cortisol prepolymermix-
ture was evenly spread and subsequently polymerized on
the microneedle PDMS@CNC/CNT/PDMS@PANi patch
at 70◦C oven for 4 h. The non-imprinted polymer (NIP)
control sensor was polymerized in the same manner, but
the prepolymer was free of the cortisol template. Follow-
ing polymerization, the cortisol template was removed
using cyclic voltammetry (CV) electrochemical clean-
ing method reported in previous work.[9] The CV was
acquired using Palmsens 4 potentiostat with PSTrace soft-
ware (PalmSens BV, the Netherlands). The films were
electrochemical cleaned by immersing them in 10 mL
of 0.1 M phosphate buffer (pH 7.0) in a conventional
electrochemical cell, with commercial Ag/AgCl reference
electrode, and platinum wire counter electrode. Five CV
cycles were conducted to ensure all the cortisol had
been washed out. The CV was acquired with poten-
tials in the range of −0.9 to +0.9 V using a scan rate
of 0.1 V/s. After each wash cycle, the phosphate buffer
was changed, and five more CV cycles were conducted.
Three washing cycles were performed for a total of 15 CV
cycles.

2.5 Assembly of the pH and cortisol
microneedle sensors

The pH and cortisol microneedle patches were glued to
a polyvinylacetate (PVA) transparency as a substrate. To
make the inhouse printed reference electrode, 10 mg sil-
ver nanoparticles (AgNP) were bleached overnight with
2 mL of Clorox R© Bleach and allowed to air dry, fol-
lowed by resuspension in 1 mL of CNT/CNC (1 mg/mL /
4 mg/mL). A PVA transparency sheet (0.3 × 2.0 cm) was
then evenly coatedwith 200 µL bleachedAgNP/CNT/CNC
composite suspension and allowed to air dry at room tem-
perature. The auxiliary electrode was similarly prepared
by coating the PVA transparency strip with 200 µL of
CNT/CNC (1 mg/mL/4 mg/mL) and allowed to air dry
at room temperature. The in-house reference and auxil-
iary electrodes were glued in proximity to the dual pH and
cortisol microneedle patches. The schematic in Figure 1A
shows a depiction of the resulting dual pH and cortisol
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F IGURE 1 (A) Schematic depicting the dual pH and cortisol MIP sensor patch; (B) Picture demonstrating the dual sensor
electrochemical connections

microneedle sensors, while Figure 1B illustrates the sensor
patches electrochemical connection.

2.6 Characterization of the dual pH and
cortisol imprinted microneedle sensors

Using a Palmsens 4 potentiostat with PSTrace software,
the dual pH and cortisol microneedle sensors were charac-
terized using electrochemicalmeasurements including CV
and electrochemical impedance spectroscopy (EIS) with
25 mM K3FeCN6 in 0.1 M KCl as a standard redox probe.
The Zeiss Sigma 300 VP field emission scanning electron
micrograph (SEM) was used to characterize the morphol-
ogy of the microneedle electrodes. The IR spectra were
recorded on a Bruker Tensor 27 FTIR instrument fitted
with diamond attenuated total reflectance (ATR).

2.7 Testing of the pH and cortisol
imprinted microneedle sensors

First, the PDMS@CNC/CNT@PANi pH sensor was tested
for its response to changes in pH. In a beaker, a solution
of 1 M NaOH was adjusted with 1 M HCl between a pH
range of 3.0-9.3, with the change in pH validated with
a commercial pH electrode. Using the pH patch sensor,
cyclic voltammograms were acquired for the different pH
solutions at a voltage range of -0.95 to +0.95 V and a scan
rate of 0.10 V/s. Prior to taking the measurements, the
pH patch sensor was immersed in the test solution for a
1 min equilibration time. The capacitance signal change
as a function of pH change was determined from the

cyclic voltammograms by taking a ratio of current to scan
rate.
The PDMS@CNC/CNT@PANi @MIP cortisol sensor

was evaluated for its responsivity to cortisol standards at
pH 7.0 and 4.5, prepared with 1 M NaOH and adjusted
with 1MHCl. Each solutionwith fixed pHwas spikedwith
30 µL aliquot additions of 1500 ng/mL hydroxycortisone
dissolved in 0.1 M KCl. The experiment was repeated for
both MIP and NIP cortisol sensor platforms.

2.8 Real sweat analysis

The dual pH sensor and MIP cortisol sensor were further
evaluated for the detection of pH and cortisol in a real
sweat sample. The sweat sample was collected in a vial
from the brow of a volunteer, following vigorous exercise.
For analysis, the dual sensorwas tested by adding a 1000 µL
aliquot of 0.1 M KCl blank solution and the background
signal was acquired by CV. A 50 µL of sweat sample aliquot
was deposited onto the blank aliquot and analyzed, fol-
lowed by nine sequential additions of 10 µL of 1500 ng/mL
of cortisol standard with CV acquired in triplicate after
each addition. Before acquiring the CV, a 1 min residence
time was allowed for molecular interactions between the
MIP biomimetic receptors and the cortisol to ensue. A
standard addition calibration was derived, and the pH and
cortisol concentrations determined in the sweat sample.
Further analysis of the dual pH and cortisol sensor was
completed to test detection from sweat when used as a
wearable device. The microneedle sensor patches were
attached to the surface of the skin on the upper arm and
secured using a tape. The participant underwent 30 mins
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F IGURE 2 Overlapped FTIR spectra for PDMS@CNT/CNC/PDMS, PDMS@CNT/CNC/PDMS@PANi and
PDMS@CNT/CNC/PDMS@PANi@MIP

of vigorous exercise to stimulate sweat generation, and the
CV was obtained via Bluetooth using a wireless Palmsens
potentiostat with PSTrace software and a computer tablet.
The pH and cortisol amounts in the sweat were quanti-
fied using the previously generated external calibration
method.

2.9 Calibration curve and statistical
models

The capacitance in the resulting cyclic voltammograms for
both pH and cortisol sensors was averaged in the 0.25-
0.50 V range and plotted as a function of change in con-
centrations resulting in linear calibration plots. To further
develop robust linear calibrations, statistical analysis was
applied to identify the voltages whose change in current
best predict changes in pH and cortisol for the respective
sensors. A correlation response matrix between current
at variable voltages was prepared and a model based on
the single best voltage predictor was selected. To produce
candidate multilinear regression models, both forward
and backward selection was employed and Least Absolute
Shrinkage and Selection Operator (LASSO) regression for
multiple lambda values.
The model selection was based on a balance between

accuracy and simplicity, which was measured by adjusted
R-square and either Akaike information criterion (AIC)
or Bayesian information criterion (BIC), depending on
the model, with AIC and BIC often coinciding. The model
that best balanced the fewest predictors and lowest root
mean squared error (RMSE) of the hold-out testing set
was selected for each response variable. The voltage that

demonstrated the highest linear correlation to pH and
cortisol were selected for the single linear model, with
voltage distances restricted to multiples of 0.25 V used to
reduce the possibility of multicollinearity and increase the
reliability of the resulting models.

3 RESULTS AND DISCUSSION

3.1 Characterization of the dual pH and
MIP cortisol wearable sensor

As evidence for the fabrication of each layer, the LbL sen-
sor patches were characterized using FTIR, as shown by
the overlapped spectra in Figure 2. All the patches had
characteristic peaks including 792 cm−1 attributed to Si-C
stretching vibration, 864 cm−1 related to Si-CH3 rocking,
1006 cm−1 related to Si-O-Si stretching vibrations and the
broad bands around 530 cm−1 assigned to Si-O-Si bending
vibration.[28,29] These silicone-based peaks decreased with
intensity with subsequent addition of the PANi and MIP
layers.
The PDMS@CNT/CNC/PDMS@PANi had characteris-

tic peaks at 1296–3121 cm−1 and 1413–1454 cm−1 assigned to
the C-N stretching and C = C stretching vibrations of ben-
zenoid and quinoid rings, indicative of PANi formation.[30]
The addition of the cortisol imprinted poly (GMA-co-
EGDMA) layer to the PDMS@CNT/CNC/PDMS@PANi
patch showed a characteristic band at 1714 cm−1 for C = O
stretch.[31]
The morphology of the microneedle sensors were char-

acterized using a SEM. Figure 3A shows the SEM image of
the conductive PDMS@CNT/CNC/PDMS@PANi patches
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F IGURE 3 Micrograph images of: (A) PDMS@CNT/CNC/PDMS@PANi patches; (B) electrochemically cleaned
PDMS@CNT/CNC/PDMS@PANi@MIP patch; (C) PDMS@CNT/CNC/PDMS@PANi@NIP; (D) Nyquist plots of different microneedle
sensor patches in 25 mM K3FeCN6 dissolved in 0.1 M KCl

with well-defined ∼300 µm tall microneedle structures
with distances of ∼650 µm between microneedles, result-
ing in 110 microneedle density for the 1 × 1.5 cm patch.
Figure 3B,C shows the surfaces of the electrochemi-
cally cleaned PDMS@CNT/CNC/PDMS@PANi@MIP and
NIP sensor patches, respectively. The electrochemically
cleaned cortisolMIP sensor patch image provides evidence
of microcavities, which are arguably the cortisol recep-
tors. Evident in Figure 3B, the porosity of the cortisol
MIP sensor patches are varied with the cavities ranging
from∼50 nm to ∼2 µm. However, the NIP platform does
not have the same distinct microcavities as the MIP.
The dual pH and cortisol sensor patches were further

characterized by electrochemical impedance spec-
troscopy (EIS). Figure 3D shows the Nyquist plots for
PDMS@CNT/CNC, PDMS@CNT/CNC/PDMS@PANi,
and PDMS@CNT/CNC/PDMS@PANi@MIP patches,
respectively, analyzed using 25 mM K3FeCN6 solution
in 0.1 M KCl. The smaller the semicircle in the high-
frequency region of the Nyquist plots, the smaller the
value of the electron transfer resistance (Rct). The Rct
value is obtained by applying electrochemical circuit fit-
ting of the EIS plots. As shown in Figure 3D, the Randles

equivalent circuit was applied to fit the impedance data to
determine the experimental values of the circuit elements.
A low Rct value is indicative of low electrode surface
electron transfer resistance and thus greater electrode
transducing capabilities or conductivity. The Rct values for
the PDMS@CNT/CNC, PDMS@CNT/CNC/PDMS@PANi
andPDMS@CNT/CNC/PDMS@PANi@MIPpatcheswere
3573 Ω, 2309 Ω, and 9382 Ω, respectively. The conduc-
tivity of the PDMS@CNT/CNC provides evidence for
good dispersion achieved between the PDMS insulating
matrix and the CNC/CNT with the appropriate choice
of the toluene and naphthalene solvent system, reported
previously to preserve the excellent electrical property
of CNTs.[21] The decrease in the observed Rct value for
the PDMS@CNT/CNC/PDMS@PANi signifies the faster
electron kinetics impacted by the deposition of the highly
conductive PANi layer to the PDMS@CNT/CNC surface.
The PANi also increases the surface area for the electrode
patch further enhancing the charge transfer kinetics.
The enhanced conductivity can be attributed to the
synergistic effect of the interpenetrating network bridging
structures of PANi emeraldine salt domains to the CNT,
thus inducing a charge transfer from PANi quinoid unit to



7 of 13 Electrochemical Science Advances
Full article
doi.org/10.1002/elsa.202100039

F IGURE 4 (A) Comparison of cathodic peak current as a function of square root of scan rates for 25 mM K3FeCN6 in 0.1 M KCl CVs for
different sensor patches; (B) Representative CVs at 0.1 V/s scan rate for different sensor patches

F IGURE 5 (A) Overlapped voltammograms for PDMS@CNT/CNC/PDMS@PANi pH sensor for different solutions of pH 3.0-9.3; (B)
Resulting linear regression of capacitance as a function of pH for the PDMS@CNT/CNC/PDMS@PANi pH sensor

CNT.[32] The addition of the MIP layer, on the other hand,
increased the Rct due to the insulation properties of the
non-conductive poly(GMA-EGDMA) coating.
The electroactive surface area of the different sensor

patches was further characterized by running CV of the
redox couple 25 mM K3FeCN6 in 0.1 M KCl at different
scan rates (0.01, 0.025, 0.04, 0.05, 0.1, 0.2, 0.3 V/s) and
applying the Randles–Sevcik equation.[33] Figure 4 shows
the resulting linear profiles for cathodic peak current as
a function of the square root of scan rates for different
sensor patches. Evidently, the electroactive response
was highest for PDMS@CNC/CNT@PANi due to the
increased synergy in conductivity between the CNT and
the PANi. The PDMS@CNC/CNT@PANi@MIP had
a higher response due to the increased porosity com-
pared to the NIP form, confirmed previously in the SEM
images (Figure 3B,C). The overlapped CVs in Figure 4B

similarly evidences the relative sensitivity response of the
different patches. Using the Randles–Sevcik equation,
the electroactive surface areas for the PDMS@CNC/CNT,
PDMS@CNC/CNT@PANi, PDMS@CNC/CNT@PANi@
MIP, and PDMS@CNC/CNT@PANi@NIP were cal-
culated to be 0.010 mm2, 0.13 mm2, 0.013 mm2, and
0.0025 mm2, respectively.

3.2 Testing of the pH sensor patch
response

Following characterization, the PDMS@CNC/CNT
@PANi sensor patch was evaluated for its response to
pH. Figure 5A shows an overlapped voltammogram for
the pH sensor’s response to different pH solutions.
Figure 5B shows the resulting linear calibration
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F IGURE 6 Overlapped voltammograms for different cortisol standards (pH 7.1) for: (A) MIP sensor patch; (B) NIP sensor patch;
(C) Resulting overlapped calibration plots of µF as a function of cortisol concentrations (pH 7.1) for the MIP and NIP sensor patches

(R2 = 0.96), indicating a good response of the pH
sensor within the pH range 3.0-9.3, with a calibration
sensitivity of 4.7 µF/pH at room temperature (23◦C).
The pH sensor was linearly responsive within the most
relevant physiological range, as pH values lower than 3
and higher than 10 are rarely observed. The pH response
mechanism of PANi based sensor depends on the transi-
tion from the emeraldine salt to the emeraldine base. The
PDMS@CNT/CNC/PDMS@PANi pH sensor response
was comparable to the Copper-Oxide/Polyaniline pH
microelectrode array sensor fabricated using a rather
involved microelectrical mechanical system technology
recently reported by Wang et al.[34]

3.3 Testing of the MIP/NIP cortisol
sensor patch

The PDMS@CNT/CNC/PDMS@PANi@MIP and the NIP
sensors were evaluated for the detection of cortisol at
pH 4.5 and 7.1, a pH range that envelops the physiologi-
cal pH flux in sweat. Figure 6A,B shows the overlapped
voltammograms for different cortisol concentrations on
a cortisol imprinted sensor patch and NIP patch, respec-
tively. The voltammograms for the cortisol MIP sensor
show two prominent peaks around 0.25 V and 0.50 V.
However, these two peaks are significantly reduced in

the NIP sensor voltammograms. Figure 6c shows a com-
parison of the resulting calibration plots of △ capac-
itance as a function of cortisol concentration for both
MIP (at both pH 7.1 and pH 4.5) and NIP cortisol sen-
sor patches, the latter ran in cortisol solutions at pH
7.1. The difference of capacitance between the blank and
the cortisol standards were averaged in the voltage range
0.25-0.50 V.
Evidently, the MIP cortisol sensor patch (pH 7.1) was

more responsive to cortisol with a calibration sensitivity
of 0.011 µF/ng/mL, which is 366% higher than NIP sensor
patch. The MIP cortisol sensor afforded a linear response
(R2 = 0.98) to different cortisol concentrations from 0 to
66 ng/mL, compared to the significantly reduced linear-
ity (R2 = 0.78) of the NIP patch. The increased response
of the MIP sensor was expected, considering the corti-
sol selective cavities within the MIP network. The porous
nature of the MIP compared to the polymer structure of
the NIP is also evident in the SEM images in Figure 3B,C.
This microporous surface morphology was further collab-
orated by the high electrochemical performance, evident
by the high electron transfer shown in Figure 4A,B. As a
control, the PDMS@CNT/CNC/PDMS@PANi without the
poly(GMA-co-EGDMA) was tested and yielded a very low
calibration sensitivity of 0.0068 µF/ng/mL with poor lin-
earity (R2 = 0.77), which supports the highly selective per-
formance of the MIP as a cortisol receptor.
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F IGURE 7 (A) Overlapped voltammograms of pH sensor in response to different pH solutions and variable cortisol concentrations;
(B) Overlapped voltammograms of MIP sensor patch to different solutions of cortisol concentrations at variable pH; (C) Resulting overlapped
calibrations plots for the pH sensor responding to different pH solutions and variable cortisol concentrations; (D) Resulting overlapped
calibrations plots for the MIP sensor responding to different solutions of cortisol concentrations at variable pH

3.4 The performance of the dual patch
sensor for simultaneous detection of pH
and cortisol

Biochemical markers that affect pH and cortisol co-exist
within a sweat sample matrix. The detection of a suite of
chemical markers simultaneously in a sensor array is an
efficient approach to the prediction of wellbeing based
on multiplex biomarker data. In our study, the pH and
cortisol patches were printed on the same platform and
used to detect pH and cortisol, both in a state of flux.
The prototype of the dual pH and cortisol sensor array is
shown in Figure 2B. The dual pH and cortisol sensor were
immersed in 50 mL of an electrolyte (0.1 M HCl adjusted
with 0.1 M NaOH) of pH of 3.0 and tested in a dynamic
environment where both pH and cortisol concentration
were increasing. Incremental volumes of 0.1 M NaOH
and 1500 ng/mL cortisol standards were spiked onto the
electrolyte solution, wherewith the dual sensor patch was
immersed, followed by 1 min of stirring for equilibration,
and subsequent detection by CV. Figure 7A,B shows the
resulting overlapped voltammograms for the pH and the
MIP cortisol sensor patches, respectively. Figure 7C,D
shows the resulting calibration plots for the pH and cor-

tisol sensor patches, respectively. As shown in Figure 7C,
even in the presence of cortisol, the pH sensor demon-
strated excellent linearity (R2 = 0.99) in the pH range
3.0-9.3, with a calibration sensitivity of 10.0 and a limit of
detection (LOD) of pH 2. Additionally, the cortisol MIP
sensor patch responded linearly (R2 = 0.99) to increasing
cortisol concentrations (0-100 ng/mL) even at variable pH,
with a calibration sensitivity of 0.12 µF/ngmL−1 cortisol.
The LOD for the MIP cortisol sensor at variable pH was
determined to be 1.4 ± 0.3 ng/mL, well below the lower
limit of the physiological cortisol sweat levels reported by
several researchers.[25,35,36] The LOD was calculated as
three times the standard deviation of the blank divided by
the calibration slope.
To develop a more robust calibration, statistical analy-

sis was applied to identify the voltages that best predict
pH and cortisol concentration by developing a correlation
response matrix between current and variable voltages. As
shown in Figure S1, a model (pH = 1.11V0.26 + 8.34) was
developed based on the single best voltage predictor for
pH correlation, resulting in an R2 of 0.990 and a holdout
test RMSE of 0.32. For the cortisol sensor data, as shown in
Figure S2, a model (cortisol = 94.2V0.48 + 22.8) was devel-
oped based on the single best voltage predictor for cortisol
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F IGURE 8 (A) Overlapped voltammograms of cortisol sensor patch in response to 0.1 M KCl, real sweat, and 10 µL sequential addition
of 1500 ng/mL cortisol standard; (B) Resulting standard addition calibration plot for the cortisol sensor patch

correlation, resulting in an R2 of 0.991 and a holdout test
RMSE of 4.27.

3.5 Real sweat analysis

The dual pH and cortisol sensors were tested for detection
using real human sweat. A 1000 µL 0.1 M KCl blank solu-
tionwas deposited on the dual sensors and analyzed byCV.
Then, a 50 µL of sweat sample aliquot from a volunteer was
deposited to the blank aliquot and analyzed, followed by
a 10 µL sequential addition of 1500 ng/mL of cortisol stan-
dard. Figure 8A shows the overlapped voltammograms
obtained fromblank, sweat, and the cortisol standard addi-
tions. The resulting standard addition calibration from
cortisol MIP sensor response is shown in Figure 8B, with
the capacitance signal response averaged between 0.25
and 0.50 V. Based on this standard addition calibration, the
cortisol concentration in the sweat was determined to be
3.5 ± 0.2 ng/mL that is within the acceptable physiological
range.[25,35,36] Following the sweat addition, the pH sensor
chamber recorded a capacitance of 21.60 µF, which corre-
sponded to a pH of 6.5± 0.1, based on the external standard
calibration curve in Figure 7C. This value is within the
acceptable physiological range of sweat (pH 4.5-7).[5] The
pH sensor patch results for real sweat were also within 2%
of the value obtained using the commercial pH electrode.

3.6 Evaluation of the dual pH and
cortisol MIP sensor in wearable operation
mode

The dual microneedle sensor was also tested as a wearable
device for the detection of pH and cortisol in sweat. The
microneedle sensor patches were attached to the surface
of the skin on the upper arm and secured using a tape
as shown in Figure 9A. Figure 9B and 9C, respectively,

show a comparison of the voltammograms for the pH and
cortisol sensor response to 0.1 M KCl compared to human
sweat, following 30 mins of vigorous exercise. As shown
in Figure 9b, the rapid response of the PANi sensor layer
to change in pH following exposure to sweat is evident
as indicated by the rapid change in current of the cyclic
voltammograms when compared to that of 0.1 M KCl.
Sweat is a complex biological matrix and the capacitance
of the PANi sensor layer could further be influenced by
these matrices. However, the accuracy of the pH sensor
is not in question. Using the external calibration methods
in Figure 7C and 7D, the pH and cortisol were determined
to be 6.3 ± 0.1 and 3.4 ± 0.2 ng/mL, respectively, which
closely matches the results obtained from standard addi-
tion calibrations. Future studies will explore the depth of
penetration and evaluate whether the sensor is sampling
the interstitial fluid or just sweat. We submit the data
collected in our case would be a combination of sweat and
possibly interstitial fluid.

3.7 Robustness and reusability of the
pH and cortisol MIP sensor

To evaluate the patch sensors, the cortisol MIP sensor was
evaluated for stability with usage and storage. A 0.1 M KCl
blank and a 20 ng/mL cortisol standard were analyzed by
the same sensor once every 2 days (with each analysis done
in triplicate) over 30 days while stored at room tempera-
ture conditions. Three MIP sensors were tested. Following
each use, the MIP sensor was electrochemically cleaned
using 0.1 M KCl described in the methods section. Based
on this study, the sensor’s stability and reusability over an
extended period of use is evident, as shown in the over-
lapped voltammograms in Figure 10A, resulting from the
cortisol detection and cleaning cycles over 30 days. A rep-
resentative capacitance data for the cortisol standard and
blank measurement is shown in Figure 10B. Evidently, the
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F IGURE 9 (A) Photograph of the dual pH and cortisol sensor in wearable mode; (B) Overlapped voltammogram showing the pH sensor
chamber response to 0.1 M KCl compared to human sweat; (C) Overlapped voltammogram showing the cortisol sensor chamber response to
0.1 M KCl compared to human sweat

F IGURE 10 (A) Overlapped voltammograms of MIP sensor patch following 15 wash and use cycles, detecting 0.1 M KCl and 20 ng/mL
cortisol standards over 30-day period; (B) Summary of the capacitance data of 0.1 M KCl and 20 ng/mL cortisol standard after 15 cycles of
analysis over a 30-day period

capacitance barely changed over the 30 days of storage,
usage, electrochemical cleaning cycling. Further, based on
the three different sensors’ data, the intra-batch percent
relative standard deviation (%RSD) was determined to be
2.4%. The inter-batch precision (%RSD for three different
sensors) was determined to be 4.7%.

4 CONCLUSION

Both pH and cortisol levels are insightful biochemical
markers for indexing physiological stress and general
wellbeing. This manuscript demonstrates an inexpensive
wearable sensor platform for dual detection of pH and
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cortisol in sweat. Comprising a flexible conductive PDMS
patch as the substrate and utilizing the pH responsibil-
ity of PANi and cortisol poly (GMA-co-EGDMA) MIP, the
dual electrochemical sensor affords accurate simultane-
ous detection of pH and cortisol, respectively. With a rapid
response of 1 min, the pH sensing chamber responded lin-
early to pH in the 3.0-9.3 range, while the cortisol sensor
was linear between 0 and 100 ng/mL with a LOD of 1.4 ±
0.3 ng/mL evaluated at variable pH of 3.0-9.3. The stabil-
ity and reusability of the sensors were verified by testing
the sensor’s response to cortisol over 15 detection cycles
performed over a 30-day period, yielding a %RSD of 2.4%.
The practical usability of the dual pH and cortisol sen-
sors has been confirmed with their accurate application
for in-situ and ex-situ monitoring of real human sweat
samples.
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